INTRODUCTION
============

MicroRNAs (miRNAs) are an extensive class of small noncoding RNAs (18--25 nt), with profound impact on many biological processes in development, differentiation, growth and metabolism by regulating gene expression. miRNAs are initially transcribed as part of much longer primary transcripts (termed pri-miRNAs) ([@B1]). These primary transcripts are first trimmed into approximate 70-nt stem-loop forms (called pre-miRNAs) by the RNase III type endonucleases, Drosha, in the nucleus ([@B2]). Following this initial processing, pre-miRNAs are exported from the nucleus to the cytoplasm by Exportin5 (Exp5) and processed to generate approximate 22-nt mature miRNAs by Dicer, another RNase type III ([@B3],[@B4]). Finally, the mature single-stranded miRNA binds to proteins of the Argonaute family to form the RNA--protein complex known as RNA-induced silencing complex (RISC) ([@B5],[@B6]).

miRNAs can regulate gene expression essentially by two modes depending on the degree of complementarity with the mRNA targets. In plants, miRNAs are often fully complementary to their targets and elicit mRNA decay. In contrast, most animal miRNAs are only partially complementary to their targets and inhibit synthesis and function of proteins without affecting transcript levels ([@B7; @B8; @B9]). However, recent findings indicate that miRNAs can induce substantial mRNA degradation even in the absence of extensive base pairing to their targets ([@B10],[@B11]). By regulating the expression of target genes, some miRNAs play a crucial role in the initiation and progression of human cancer. miR-15a and miR-16-1 are located at chromosome 13q14, a region deleted in more than half of B-cell chronic lymphocytic leukemia (CLL). Detailed deletion and expression analysis showed that miR-15a and miR-16-1 were located within a 30-kb region of loss in CLL, and that both genes were deleted or downregulated in ∼68% of CLL cases ([@B12]). Bottoni *et al.* ([@B13]) reported that miR-15a and miR-16-1 were expressed at lower levels in pituitary adenomas as compared to normal pituitary tissue. Their expression was inversely correlated with tumor diameter and with arginyl-tRNA synthetase expression, but was directly correlated with p43 secretion, suggesting that these miRNAs might influence tumor growth. Cimmino *et al.* ([@B14]) then demonstrated that miR-15a and miR-16-1 expressions were inversely correlated to Bcl2 expression in CLL and negatively regulated Bcl2 at a posttranscriptional level. Bcl2 repression by miR-15a and miR-16-1 induced apoptosis in a leukemic cell line model. Therefore, miR-15 and miR-16 were natural antisense Bcl2 interactors that could be used for therapy of Bcl2-overexpressing tumors. In addition, miR-15 and miR-16 can regulate Nodal/activin signaling by targeting the Nodal type II receptor Acvr2a, and restrict the size of Spemann\'s organizer in early *Xenopus* embryos ([@B15]).

Numerous miRNAs have been identified in diverse animals and plants. The miRNA database ([@B16],[@B17]) currently contains 533 human miRNAs (release 10.0), and many more miRNAs may be still uncovered. In contrast to the big number of validated miRNA sequences, only a handful of comprehensive studies on miRNA function have been completed. One of the biggest obstacles to miRNAs function validation is the identification of their targets. Several computational algorithms have been established to predict target genes of miRNAs. According to these, a miRNA is generally thought to possibly have hundreds of or even to thousands of predicted target genes ([@B18]), therefore, it is difficult to determine which one or ones is/are true targets regulated by the miRNA to educe concrete biological functions. This leads to great trouble on miRNAs function analysis. Drosha is a key gene controlling miRNAs processing, and its downregulation can inhibit the expression levels of mature miRNAs and thus result in the upregulation of their target mRNAs (via miRNAs mediating RNAi mechanism). Therefore, the transcripts upregulated in Drosha-depleted cells are probably the targets of miRNAs. Likewise, Rehwinkel *et al.* ([@B19]) reported that depletion of Drosha triggered upregulation of numerous transcripts in *Drosophila* S2 cells, and many of these transcripts were genuine targets of the miRNA pathway. For those upregulated transcripts, computational algorithms can be used to predict their potential controlling miRNAs. Next, we can screen the miRNAs genuinely regulating these transcripts by using luciferase reporter assay.

Here, we established Drosha knockdown cell line and identified a series of transcripts regulated potentially by miRNA mediating RNAi mechanism. Among these candidate miRNA target transcripts, Cyclin D1 (CCND1) is a cell cycle-related gene and plays a key role in controlling G1/S transition. Moreover, it is a potential target for tumor gene therapies. On the basis of miRNAs expression library established ([@B20]), we developed a miRNA targets reverse screening method using luciferase reporter assay. By this method, CCND1 was found to be regulated by miR-16 family. Furthermore, our research demonstrated that miR-16 family regulated the expressions of several other cell cycle genes, including CCND3, CCNE1 and CDK6. All these data suggest that miR-16 family induces G1 arrest by regulating multiple downstream effectors simultaneously.

MATERIALS AND METHODS
=====================

Plasmid construction
--------------------

Drosha shRNA expressing plasmid was generated by cloning annealed synthetic 63-mer oligonucleotides (See [Supplementary Material](http://nar.oxfordjournals.org/cgi/content/full/gkn522/DC1)) ([@B21]) into BamHI and HindIII sites within pSilencer hygro U6 vector (Ambion, Austin, TX, USA).

### Eukaryotic expression plasmids

DNA fragments coding CCND1, CCND3, CCNE1 and CDK6 protein were amplified by PCR from A549 cell cDNA, and cloned into pIERS2-EGFP expression vector digested by XhoI and BamHI or EcoRI.

### Firefly luciferase reporter constructs

Wild-type 3′ untranslated regions (UTRs) containing predicted miRNA target sites were amplified by PCR from HepG2 cell genomic DNA. Mutant 3′-UTRs were generated by overlap-extension PCR method. Both wild-type and mutant 3′-UTRs were cloned downstream of firefly luciferase coding region between the XbaI and NdeI sites of a modified pGL3-control plasmid (Promega, Madison, WI), as described before ([@B20]).

Cell culture, transfection and preparation of stable cell lines
---------------------------------------------------------------

HeLa, HepG2 and A549 cell lines were grown in DMEM containing 10% FBS and 100 μg/ml penicillin/streptomycin. DNA transfection was performed with FuGene® HD transfection reagent (Roche, Indianapolis, IN,USA) according to the manufacturer\'s protocol. To generate Drosha knockdown stable cell lines, HepG2 cells were transfected with pSilecer-U6-shDrosha and control plasmid. Cells were grown in the presence of 400 ng/ml hygromycin according to the manufacturer\'s protocol to select stably transfected clones. Single clone was selected to generate monoclonal cell lines, and total RNAs were extracted to test the knockdown effects of Drosha mRNA and miRNAs.

miRNAs, siRNAs and transfection
-------------------------------

The miRNAs and siRNAs were designed and synthesized by GenePharma (Shanghai, China) (See [Supplementary Material](http://nar.oxfordjournals.org/cgi/content/full/gkn522/DC1)). siRNAs and miRNAs transfection were performed using Lipofectamine 2000 (Invitrogen, Carlsbad, CA,USA). In brief, cells were plated in 6-well plate to 40% confluence. For each well, 5 μl siRNA or miRNA (20 μM) were added into 250 μl Opti-MEM medium, 5 μl of Lipofectamine 2000 into 250 μl Opti-MEM medium and then mixed siRNA or miRNA with Lipofectamine 2000. The mixture was added to cells and incubated for 6 h before replacing the medium. Total RNA and protein were prepared 48 h after transfection and were used for qRT--PCR or western blot analysis.

RNA extraction and qRT--PCR
---------------------------

Total RNA was extracted from the cultured cells using Trizol Reagent (Invitrogen) according to the manufacturer\'s protocol. qRT--PCR was used to confirm the expression levels of mRNAs and miRNAs. For mRNAs detection, reverse transcription was performed according to the protocol of Improm-II™ Reverse Transcriptase System (Promega); qPCR was performed as described in the method of SYBR premix Ex Taq (TaKaRa, Dalian, China) with Mx3000p (Stratagen, La Jolla, CA, USA) supplied with analytical software. GAPDH mRNA levels were used for normalization. For miRNAs detection ([@B22]), total RNA was polyadenylated by poly(A) polymerase (Ambion) first. The 50 µl polyadenylation reaction was set up with 10 µg total RNA and 1 µl (2 U) poly(A) polymerase according to the manufacturer\'s protocol. The reaction was incubated at 37°C for 60 min. After incubation, poly(A)-tailed total RNA was recovered by phenol/chloroform extraction and ethanol precipitation. Reverse transcription was performed using 1 µg poly(A)-tailed total RNA and 1 µg RT primer(GCG AGC ACA GAA TTA ATA CGA CTC ACT ATA GG(T)18VN) with 1 µl Improm-II™ Reverse Transcriptase according to the manufacturer\'s protocol; qPCR was performed as described in the method of Quantitect SYBR Green PCR Kit (Qiagen, Hilden, Germany) with Mx3000p (Stratagene) supplied with analytical software. One primer of miRNAs amplification is miRNA specific, and the other is a universal primer (GCG AGC ACA GAA TTA ATA CGA C). U6 snRNA levels were used for normalization.

mRNA microarray analysis
------------------------

Stably transfected cells and normal HepG2 cells were harvested, and total RNA was extracted with Trizol reagent. Total RNA (5 μg) was reversely transcribed with the cDNA Synthesis Kit (TaKaRa, Dalian, China) and cRNA was produced by *in vitro* transcription (IVT) by T7 RNA polymerase using T7 RiboMAX Express Large Scale RNA Production System (Promega). cRNA (2 μg) was reversely transcribed by SuperscriptII reverse transcriptase and 9-nt random primer. The products of reverse transcription were labeled with klenow polymerase and 9-nt random primer. Labeled cDNA was hybridized to 35k human Genome Array Genechips (CapitalBio, Beijing, China). GenePix Pro 4.0 was used to analyze the image of microarray, and the data were normalized by the method of Lowess.

Western blot analysis
---------------------

Protein extracts were prepared by a modified RIPA buffer with 0.5% sodium dodecyl sulfate (SDS) in the presence of proteinase inhibitor cocktail (Complete mini, Roche, Indianapolis, IN, USA). Polyacrylamide gel electrophoresis, tank-based transfer to Immobilon Hybond-C membranes (Amersham Biosciences) and immunodetection were performed with standard techniques. Antibodies against Drosha (sc-31159, Santa Cruz Biotechnology, Santa Cruz, CA, USA), CCND1 (K0062-3, MBL), CCND3 (K0013-3, MBL, Nagoya, Japan), CCNE1 (K0172-3, MBL), CDK6 (K0006-3, MBL), pRb (11131, Signalway antibody, Pearland, TX, USA) and β-actin (sc-1616-R, Santa Cruz) were used in western analysis in accordance with the manufacturer\'s instruction. Signals were visualized with SuperSignal® West Pico chemoluminescent substrate (Pierce, Rockford, Ill, USA) by exposure to films.

Luciferase assays
-----------------

HepG2 cells were transfected in 24-well plates using FuGene® HD transfection reagent. The transfection mixtures contained 100 ng of firefly luciferase reporter plasmid and 400 ng of plasmids expressing miRNA primary transcripts. These plasmids expressing miRNAs come from a miRNA expression library ([@B20]). pRL-TK (Promega) was also transfected as a normalization control. Cells were collected 48 h after transfection, and luciferase activity was measured using a dual-luciferase reporter assay system (Promega).

Flow cytometry
--------------

Cells were transfected with miRNAs or siRNAs. Nocodazole (100 ng/ml; Sigma-Aldrich, St. Louis, MO, USA) was added 24 h after transfection, and cells were further incubated for 20 h. Floating and adherent cells were harvested, combined, washed once in phosphate-buffer saline (PBS), and fixed in 70% ethanol overnight. Staining for DNA content was performed with 50 μg/ml propidium iodide and 1 mg/ml RNase A for 30 min. Analysis was performed on a FACScalibur flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) with Cell Quest Pro software. Cell-cycle modeling was performed with Modfit 3.0 software (Verity Software House, Topsham, ME, USA).

Production of recombinant adenovirus and cell infection
-------------------------------------------------------

DNA fragment containing miR-195 was amplified from pcDNA-miR-195 ([@B20]), and cloned into pAdTrack-CMV ([@B23]) digested with SalI and XbaI, generating pAdTrack-CMV-miR-195. pAdTrack-CMV-miR-195 and pAdEasy-1 were homologously recombinated in bacteria BJ5183. The newly recombinated plasmid, pAd-miR-195, was tested by restriction endonuclease digestions. Ad-miR-195 was propagated in HEK293 cells; viruses were collected from these cells, and stored at −70°C.

A549 cells were grown in DMEM containing 10% FBS and 100 μg/ml penicillin/streptomycin. For 24 h prior to infection, 3 × 10^5^ A549 cells were plated in each well of 6-well plates, then infected with recombinant viruses (Ad-miR-195 or Ad-empty) at a multiplicity of infection (MOI) of 100 for 1 h at 37°C, followed by the addition of fresh growth medium. Three days later, cells were harvested and cell cycles were analyzed by flow cytometry.

RESULTS
=======

Microarray analysis of transcripts regulated by miRNA pathways
--------------------------------------------------------------

To screen the transcripts regulated by miRNA-mediated RNA silencing pathway in genome wide, we constructed the plasmid expressing shRNA targeting to Drosha first. To verify the knockdown efficiency, the plasmids were transfected into HeLa cells. Results of semiquantitative RT--PCR revealed that the level of Drosha mRNAs was strongly reduced ([Figure 1](#F1){ref-type="fig"}A). Then, plasmids expressing the shRNA were transfected into HepG2 cells, and the stably transfected cell clones were selected using hygromycin. Quantitative RT--PCR was used to screen the stable cell lines in which Drosha was strongly knocked down ([Figure 1](#F1){ref-type="fig"}B). qRT--PCR results indicated that Drosha mRNA was reduced in all selected stable cell clones, and the knockdown effect was also confirmed by western blot ([Figure 1](#F1){ref-type="fig"}C). Figure 1.Generation and characterization of Drosha knockdown stable cell lines. (**A**) The effectiveness of Drosha depletion was analyzed by semi-quantitative RT--PCR. Normal HeLa cells and control shRNA transfected HeLa cells are in lanes 1 and 2. The β-actin mRNA served as an internal control. (**B**) The depletion effectiveness in Drosha knockdown stable HepG2 cell lines was analyzed by qRT--PCR. Drosha mRNA was reduced in all selected stable cell clones, five of which were shown respectively in bars 3--7 (bar 1: normal HepG2 cells; bar 2: control stably transfected HepG2 cells). shDrosha clone 2 in bar 4 demonstrated a strong downregulation to 95% of Drosha mRNA. (**C**) Drosha protein was detected by western blot. (**D**) miRNA expressions were detected by qRT--PCR. The expression levels of three miRNAs selected randomly, including miR-16, miR-31 and miR-99a decreased moderately in shDrosha clone 2 and clone 3 compared with normal HepG2 cells and control stably transfected HepG2 cells.

Drosha plays an important role in the processing of miRNAs, so the maturation of miRNAs should be repressed when Drosha was depleted ([@B2],[@B24]). To analyze the effect of Drosha knockdown on miRNA expressions, we detected the expression levels of three randomly selected miRNAs by quantitative RT--PCR. As shown in [Figure 1](#F1){ref-type="fig"}D, the expression levels of miR-16, miR-31 and miR-99a in clone 2 and clone 3 were reduced moderately compared with normal HepG2 cells and control plasmid transfected cells. The results above indicated that these cell lines could be used to screen the transcripts regulated by miRNA-mediated RNA silencing pathway globally. To identify transcripts whose levels are regulated by the miRNA pathway in HepG2 cells, we analyzed Drosha knockdown stable cell line, control plasmid stably transfected cell line and normal HepG2 cells using 35k human Genome Array (CapitalBio Corporation, Beijing, China). [Table 1](#T1){ref-type="table"} summarizes analysis of transcripts changing expression levels upon knockdown of Drosha. We observed that there were 781 transcripts at least 1.5-fold upregulated in Drosha-depleted cells compared with normal HepG2 cells, and 558 transcripts compared with control plasmid stably transfected HepG2 cells. However, there were only 281 or 153 transcripts 2-fold upregulated compared with normal HepG2 cells or control stably transfected cells. The bulk of upregulated transcripts changed slightly (\<2-fold) at the mRNA level, suggesting that miRNAs generally have a tuning role in regulating gene expression. Table 1.Distinct filters identify various numbers of differentially expressed (upregulated and downregulated) probe sets in individual samplesshDrosha Clone2/no shRNAshDrosha Clone2/control shRNAOverlapAll probes changed (upregulated and downregulated probes)Changed 1.5-fold14971054394Changed 2.0-fold49128290Upregulated probesUpregulated 1.5-fold781558221Upregulated 2.0-fold28115353

Since inhibition of the miRNA pathway correlates with increased abundance of mRNAs targeted by miRNAs, the transcripts upregulated in Drosha-depleted cells may represent putative miRNA targets. Compared with normal HepG2 cells or control stably transfected cells, there were respectively 281 and 153 transcripts upregulated significantly in Drosha-depleted cells, in which 53 transcripts overlapped. We defined these 53 mRNAs as core transcripts, whose levels were potentially regulated by the miRNA pathway, that is, these mRNAs were potential miRNA targets. Besides, these transcripts represented 45 genes ([Table 2](#T2){ref-type="table"}), and they did not exhibit any apparent functional relationship. Table 2.mRNAs upregulated in Drosha depleted HepG2 cells compared with control transfected cells and normal HepG2 cellsGene nameRatio of shDrosha /no shRNARatio of shDrosha /control shRNAFunctionSPINK5L336.1541.79SERPINE111.1813.26Blood coagulation, fibrinolysis, regulation of angiogenesisCCND18.62.78Cell cycle, cell division, fat cell differentiationF38.045.53Blood coagulation, immune responseGADD45A7.563.4DNA repair, apoptosis, cell cycleDUSP56.093.58Protein amino acid dephosphorylationFN15.742.43Acute-phase response, cell adhesion, cell migration, metabolic process, response to woundingSTS-15.533.63MFAP55.2712.71SAT4.913.92Metabolic processSLC19A24.693.02Sensory perception of sound, thiamin transportODC14.693.12Kidney development, polyamine biosynthetic process, cell proliferationANGPTL44.433.64Angiogenesis, cell differentiation, development, apoptosis, lipoprotein lipase activity, response to hypoxiaMATN24.358.4Biological processADM4.14.32Cell--cell signaling, circulation, female pregnancy, heart development, cell proliferationNRG14.097.04Blood pressure regulation, cell differentiation, development, glucose transport, myelination, of transcriptionCYR614.035.53Anatomical structure morphogenesis, cell adhesion, cell proliferation, chemotaxis,DKK13.812.93Wnt receptor signaling pathway, embryonic limb morphogenesis, multicellular organismal developmentETS13.712.12Immune response, cell proliferation, erythrocyte differentiation, regulation of transcriptionCTPS3.692.93Biosynthetic process, metabolic process, response to drugRAPGEF23.695.12MAPKKK cascade, cAMP-mediated signaling, regulation of small GTPase-mediated signal transductionSLC7A113.654.04Transport, protein complex assemblyCPA43.473.71Histone acetylation, proteolysisABHD53.283.44Lipid metabolic process, proteolysisENO23.146.48GlycolysisRND33.093.32Actin cytoskeleton organization and biogenesis, cell adhesion, small GTPase-mediated signal transductionBMP63.024.31BMP signaling pathway, development, inflammatory response, osteoblast differentiation, aldosterone biosynthetic processCD4432.1Cell adhesionPPP1R3F2.994.41Q9P2H42.812.63SLPI2.753.45Serine-type endopeptidase inhibitor activityGAD12.693.26Carboxylic acid metabolic process, neurotransmitter biosynthetic process, protein-pyridoxal-5-phosphate linkage, synaptic transmissionIGFBP32.6118.36Signal transduction, apoptosis, myoblast differentiation, protein amino acid phosphorylation, cell growthQ7Z2U12.612.39HDHD1A2.512.13Metabolic processDNAJC12.442.24Proteolysis, protein folding, protein secretionOSMR2.362.4Cell proliferation, cell surface receptor linked signal transductionTMEM50A2.33.07C21orf342.263.29ATF32.212.08Regulation of transcription, DNA-dependentKRT172.133.37Biological process, epidermis developmentABCD32.122.78Peroxisome organization and biogenesis, transportLIMA12.113.33Actin filament bundle formation, actin filament depolymerization, ruffle organization and biogenesisC1orf1812.092.29CDKN1A2.095.87Cell cycle arrest, apoptosis, cell proliferation, response to DNA damage stimulus, response to UV

As shown in [Table 2](#T2){ref-type="table"}, CCND1 was upregulated significantly in Drosha-depleted cells, which suggested CCND1 was a potential miRNA target. Cyclin D1, the product of CCND1 gene, is an important regulator of G1 to S phase progression in many different cell types. Cyclin D1, together with its binding partners cyclin-dependent kinase 4 and 6 (CDK4 and CDK6), forms active complexes that promote cell cycle progression by phosphorylating and inactivating the retinoblastoma protein (Rb) ([@B25]). In many human cancers, including parathyroid adenoma, breast cancer, colon cancer, lymphoma, melanoma and prostate cancer, CCND1 is often overexpressed and plays important roles in cancer development ([@B26]). Recent study validated that repression of CCND1 was a useful strategy to inhibit the growth of tumors, suggesting CCND1 was a potential anticancer drug target ([@B27]).

Reverse screening the miRNAs regulating CCND1 by Luciferase assay
-----------------------------------------------------------------

To identify the miRNAs controlling CCND1 expression, Targetscan software ([www.targetscan.org](www.targetscan.org)) ([@B28],[@B29]) was used to analyze potential miRNA target sites in 3′-UTR of CCND1. As shown in [Figure 2](#F2){ref-type="fig"}A, the 3′-UTR of CCND1 mRNA contains many elements complementary to various miRNA seed regions, and these elements carry the identical sequences in human, mouse, rat, dog and chicken mRNA orthologues, which suggest that CCND1 could be regulated by diverse miRNAs. Figure 2.miR-16 family downregulated CCND1 protein and mRNA by targeting a putative binding site. (**A**) Human CCND1 3′-UTR and its possible miRNA target sites predicted by targetscan software. Many different miRNA seed regions are complementary to the elements of CCND1 3′-UTR, among which miR-16 family has two conserved sites. (**B**) Luciferase assays indicated that miR16 family could downregulate the expression of CCND1. pcDNA3.0 control plasmid and 16 different miRNA expressing plasmids were cotransfected with a modified pGL-3 control vector containing CCND1 3′-UTR. Luciferase assays were performed 48 h posttransfection. Histogram shows normalized mean values of relative luciferase activity form three independent experiments. Normalized luciferase activity in the absence of miRNAs expression vector was set to 100%. Arrows indicate a significant reduction of luciferase activity by miR-16/195/424. (**C**) Sequence inspection by bioinformatics reveals that target site 1(above) and target site 2 (below) are two conserved elements complementary to the seed region of miR-16 (nucleotides 2--8). (**D**) Luciferase assays indicated that miR-16 family downregulated the expression of CCND1 by targeting putative target site 2. pcDNA3.0 control plasmid, miR-16 expressing plasmid and miR-424 expressing plasmid were cotransfected with a modified pGL-3 control vector containing wild-type CCND1 3′-UTR or two deletants of CCND1 3′-UTR, respectively. The effectiveness of synthetic miR-16/424 on CCND1 mRNA and protein was respectively analyzed by qRT--PCR (**E**) and western blot (**F**).

To screen the miRNAs which can genuinely regulate the expression of CCND1 mRNA, the CCND1 3′-UTR was cloned into a modified pGL-3 control vector, placing the 3′-UTR with most of potential miRNA binding sites downstream of coding sequence of luciferase. The construct was cotransfected into HepG2 cells with control plasmid or plasmids expressing miRNAs regulating CCND1 potentially, which come from a constructed miRNA expression library ([@B20]). The results of luciferase assays revealed that overexpression of miR-16, miR-195 and miR-424 could reduce the luciferase activity from the reporter construct containing the CCND1 3′-UTR significantly, and that miR-15a and miR-497 could also reduce the luciferase activity moderately, whereas other miRNA expression plasmids and control plasmid had no effect on the luciferase activity ([Figure 2](#F2){ref-type="fig"}B). These results of reverse screening suggested that miR-16, miR-195 and miR-424 could regulate the expression of CCND1 by targeting the complementary sites. And the seed hexamer of miR-16, miR-195 and miR-424 is identical, which suggests that they belong to the same miRNA family and regulate gene expression by targeting the same binding sites. Additionally, sequence inspection revealed the presence of two conserved elements complementary to the seed region of miR-16 family (nucleotides 2--8) ([Figure 2](#F2){ref-type="fig"}C). To identify which putative target site was regulated by miR-16 family, two diverse deletants of CCND1 3′-UTR were cloned into the modified pGL3 control vector, of which the first contains putative target site 1 and the second contains no putative miR-16 target site at all. Luciferase assays indicated that overexpression of miR-16, miR-195 and miR-424 could reduce the luciferase activity from the reporter construct containing wild-type CCND1 3′-UTR (containing both putative binding sites), whereas had no effectiveness on any deletant of CCND1 3′-UTR ([Figure 2](#F2){ref-type="fig"}D). These results reveal that miR-16, miR-195 and miR-424 may regulate the expression of CCND1 by targeting putative binding site 2.

Having established the ability of miR-16 and miR-424 to mediate repression of luciferase via the CCND1 3′-UTR, we next assayed their capacity to regulate the endogenous CCND1. Synthetic miR-16, miR-424 duplex and control Luc-siRNA were transfected to HepG2 cells. Western blot and qRT--PCR were used to detect the expression level of CCND1 protein and mRNA, respectively. qRT--PCR analysis showed a moderate reduction of CCND1 mRNA in HepG2 cells overexpressing miR-16 or miR-424 ([Figure 2](#F2){ref-type="fig"}E). miR-16, miR-195 and miR-424 were downregulated in HepG2 cells depleted of Drosha ([Figure 1](#F1){ref-type="fig"}D and Figure S1), this could explain the upregulation of CCND1 mRNA in clone 2 ([Table 2](#T2){ref-type="table"}). Western blot analysis revealed that miR-16 and miR-424 markedly reduced CCND1 protein levels compared to Luc-siRNA and mock transfected cells ([Figure 2](#F2){ref-type="fig"}F). All the results above support the notion that miR-16 and miR-424 can regulate the expression of CCND1 directly *in vivo*.

miR-16 family induced cell cycle arrest partially by regulating CCND1
---------------------------------------------------------------------

CCND1, in association with cyclin-dependent kinase (CDK4 and CDK6), phosphorylates the Rb, blocking its growth inhibitory activity, promoting cells to pass through the R point and thus driving them from G1 phase to S phase ([@B30]). Repression of CCND1 prevents cells from entering the S phase, causing an accumulation of cells in G0/G1. However, we detected no G0/G1 accumulation phenotype in HepG2 cells transfected with miR-16, miR-424 or siRNA against CCND1, although CCND1 protein levels reduced markedly (data not shown). It is possible due to insensitivity of HepG2 cells to miR-16 and the depletion of CCND1.

miR-16 family downregulates many transcripts and negatively regulates cell cycle progression by inducing the G0/G1 accumulation in A549 cells and some other cell lines ([@B31]). However, no genuine targets regulated by miR-16 family directly have been identified. To verify whether miR-16 family triggered G1 arrest by regulating the expression of CCND1, these miRNA and siRNA against CCND1 were transfected into A549 cells. The results revealed that miR-16, miR-424 and siRNA against CCND1 could depress the expression of CCND1 in A549 cells as well ([Figure 3](#F3){ref-type="fig"}A). Furthermore, the levels of phosphorylated pRb decreased at the same time. Cyclin D1 levels were consistently found to be low in S phase, and high in G1 and G2 phases ([@B32]), but qRT--PCR analysis suggested that the expression levels of miR-16, miR-195 and miR-424 had no obvious change during the G0/G1, S and G2/M phases of the cell cycle (Figure S2). Compared with miR-16 and miR-424, siRNA against CCND1 had stronger inhibition effectiveness on CCND1; however, its inhibition effect on pRb was weaker than these miRNAs ([Figure 3](#F3){ref-type="fig"}A). The results of cell cycle analysis confirmed that all of miR-16, miR-424 and siRNA against CCND1 could lead to G1 arrest in A549 cells ([Figure 3](#F3){ref-type="fig"}B). But, siRNA against CCND1 (37.93%) triggered less G0/G1-cell accumulation than miR-16 (54.80%) or miR-424 (51.01%), despite its silencing effect on target gene was stronger than these miRNAs. All results above suggest that CCND1 is just one of the targets regulated by miR-16 family to control cell cycle progression, and some other targets may be involved in G0/G1 transition, too. Figure 3.miR-16 and miR-424 triggered G1 arrest partially by regulating CCND1. (**A**) The effectiveness of miR-16, miR-424 and siRNA against CCND1 on CCND1 and pRb was analyzed by western blot, with mock and control Luc-siRNA transfected A549 cells as controls. Antibody against β-actin was used as a loading control. (**B**) miR-16 and miR-424 triggered the accumulation of cells at G0/G1 stage. A549 cells were treated with nocodazole 24 h posttransfection and cell cycle distributions were detctected 20 h later. 2N, cells having diploid DNA content; 4N, cells having tetraploid DNA content.

miR-16 family regulated the expressions of CCND3, CCNE1 and CDK6
----------------------------------------------------------------

The passage of cells through the cell division cycle is regulated by a family of kinases, the cyclin-dependent kinases (CDKs) and their activating partners, the cyclins. Different cyclin/CDK complexes regulate each of the cell cycle transitions. The G1/S phase transition is regulated primarily by D-type cyclins (D1, D2 or D3) in complex with CDK4/CDK6, and E-type cyclins (E1 or E2) in complex with CDK2. These complexes cooperate in phosphorylating and preventing Rb binding to E2F, thus activating E2F-mediated transcription and driving cells from G1 into S phase ([@B27]). The results of computational prediction ([www.targetscan.org](www.targetscan.org)) revealed that the bulk of genes regulating G1/S transition directly, including CCND1, CCND2, CCND3, CCNE1, CDK6 and cdc25A, had the elements complementary to the seed hexamer of miR-16 (Figure S3), which suggested these genes were putative targets of miR-16 family.

To analyze the effects of miR-16 family on these putative targets, miR-16 and miR-424 were transfected into A549 cells, and western blot was used to detect the protein expression levels of putative targets. As evident from [Figure 4](#F4){ref-type="fig"}, miR-16 and miR-424 markedly reduced CCND3, CCNE1 and CDK6 protein levels compared with mock transfected cells ([Figure 4](#F4){ref-type="fig"}A, C and E). In contrast, we observed no decrease in cdc25A protein (data not shown). The results above indicated that miR-16 family regulated the expressions of CCND3, CCNE1 and CDK6. Figure 4.miR-16 and miR-424 regulated a set of cell cycle genes. Western blot analysis of CCND3 protein(A), CCNE1(C) and CDK6(E) in A549 cells transfected with dsRNA indicated above the lanes. Antibody against β-actin was used as a loading control. Luciferase assays indicated that miR16 family downregulated the expression of CCND3(B), CCNE1(D) and CDK6(F) directly. pcDNA3.0 control plasmid, miR-16 expressing plasmid and miR-424 expressing plasmid were cotransfected with luciferase reporter vector containing wild-type 3′-UTR of CCND3/CCNE1/CDK6 and their own different mutants of 3′-UTR, respectively. For all histograms, mean values are shown and error bars represent SD from three independent experiments.

To test whether regulation was direct, 3′-UTRs of these selected targets were cloned into the modified pGL3-control vector, placing the 3′-UTRs with putative miR-16 binding sites downstream of the coding sequence of luciferase. Co-transfection with pcDNA-miR-16 and pcDNA-miR-424 but not pcDNA3.0 specifically decreased luciferase levels from each reporter ([Figure 4](#F4){ref-type="fig"}B, D and F). Mutation in seed complementary site fully rescued repression for CDK6. For CCNE1, mutation of the single conserved seed complementary site had only a partial effect ([Figure 4](#F4){ref-type="fig"}D), and mutations of both seed complementary sites fully rescued repression for CCNE1, indicating a combination of both sites effects of miR-16. For CCND3, only mutation of the first putative binding site rescued repression, which suggested that miR-16 regulated CCND3 by targeting the first seed complementary site.

miR-16 family triggered G1 arrest by regulating a set of cell cycle-related genes
---------------------------------------------------------------------------------

To investigate the biological significance of these targets regulated by miR-16 family, we synthesized the siRNAs against these target mRNAs and transfected them into A549 cells. The results of western blot displayed that miR-16 repressed the expression of CCND1, CCND3, CCNE1 and CDK6 simultaneously, and each siRNA inhibited its target, respectively ([Figure 5](#F5){ref-type="fig"}A). We then analyzed transfected cells for their cell cycle distributions. As shown in [Figure 5](#F5){ref-type="fig"}B, silencing of these selected miR-16 targets by using siRNAs led to a substantial arrest in G1, partly phenocopy activation of miR-16. Linsley *et al.* ([@B31]) reported that siRNA pool targeting CARD10 induced the accumulation of cells in G0/G1 to the same extent as miR-16, but our luciferase assay results suggested that CARD10 was not the genuine target regulated by miR-16 directly (data not shown). Figure 5.miR-16-induced G1 arrest in A549 cells by regulating multiple cell cycle genes. (**A**) The downregulation effectiveness of miR-16 and siRNAs against different genes (lanes 3--7) was analyzed by western blot with antibodies indicated on the left. In lanes 1 and 2, mock and control Luc-siRNA transfected A549 cells served as controls. Antibody against β-actin was used as a loading control. (**B**) miR-16 and siRNAs induced G1 arrest in A549 cells. miR-16 triggered more accumulation of cells at G0/G1 stage than siRNAs against CCND1, CCND3, CCNE1 and CDK6, respectively. A549 cells were treated with nocodazole 24 h posttransfection and cell cycle distribution detected 20 h later. 2N, cells having diploid DNA content; 4N, cells having tetraploid DNA content. (**C**) miR-16 and cell cycle gene expression vectors were cotransfected into A549 cells, and cell cycle distributions were detctected by flow cytometry.

To finalize the function of miR-16-targeting these genes in cell cycle, rescue experiments were carried out. Utilizing pIERS2-EGFP expression vector, CCND1, CCND3, CCNE1 and CDK6 constructs without wild 3′-UTR were generated. These expression vectors were transiently cotransfected with miR-16. To remove the influence of transient low-transfection efficiency, the GFP-positive A549 cells were selected to perform cell cycle analysis. As shown in [Figure 5](#F5){ref-type="fig"}C, when miR-16 was cotransfected with any of these cell cycle genes expression vectors, G1 arrest effectiveness of miR-16 was partially rescued, and CCNE1 had the strongest inhibiting effect on the activity of miR-16.

To confirm the cellular phenotype induced by miR-16 family is not artificial, we determined whether CCND1 downregulation and G0/G1 cell accumulation phenotype could be induced by miR-16 family expressed from genomic fragment. A549 cells were transfected with the plasmids expressing primary forms of miR-16 or miR-424. Flow cytometry analysis revealed that these plasmids could just induce slight G1 arrest in A549 cells (data not shown). It happened probably as a result of low-transient transfection efficiency. In addition, recombinant adenovirus was produced to express miR-195. When A549 cells were infected with Ad-miR-195, the expression level of miR-195 increased significantly (up to 90-fold) ([Figure 6](#F6){ref-type="fig"}A). Western blot analysis revealed that the levels of CCND1, CCND3, CCNE1, CDK6 and pRb decreased in A549 cells infected with Ad-miR-195 ([Figure 6](#F6){ref-type="fig"}B). Moreover, the results of cell cycle analysis confirmed that natural form of miR-195 could lead to G1 arrest in A549 cells ([Figure 6](#F6){ref-type="fig"}C). Taken together, results above suggest that miR-16 family triggers an accumulation of cells in G0/G1 by regulating multiple downstream effectors including CCND1, CCND3, CCNE1 and CDK6. Figure 6.miR-195 repressed the expression of multiple cell cycle genes and induces cell cycle arrest. (**A**) The expression of miR-195 was detected by qRT--PCR, A549 cells were infected by Ad and Ad-miR-195. (**B**) The effectiveness of miR-195 on CCND1, CCND3, CCNE1, CDK6 and pRb was analyzed by western blot. (**C**) miR-195 induced G1 arrest in A549 cells. A549 cells were treated with nocodazole 48 h postinfection and cell cycle distributions were detected 20 h later.

DISCUSSION
==========

To date, a large number of miRNAs have been identified in several organisms, including vertebrates and plants. In human, 533 miRNAs were validated ([@B16],[@B17]), and some computational studies estimated that the number of human miRNAs is as many as 2- to 4-fold higher ([@B33]). However, only a handful of comprehensive studies on miRNA function have been completed, whereas the function of most miRNAs remains unknown. One of the main challenges in identification of miRNA function is to identify the genuine miRNA target gene (or genes) among many predicted targets.

In this study, we generated the cell lines depleted of Drosha protein, and indicated that 53 transcripts were upregulated remarkably in HepG2 cells depleted of Drosha. Given the roles of Drosha in the miRNA pathway ([@B2],[@B21],[@B34]), these upregulated transcripts may be regulated by miRNAs. Rehwinkel *et al.* ([@B19]) profiled the expression of mRNAs in Drosophila S2 cells depleted of Drosha, the results revealed that Drosha knockdown triggered upregulation of many transcripts. Furthermore, they concluded that the majority of those transcripts were genuine miRNA targets. Among these transcripts upregulated in HepG2 cells depleted of Drosha, CCND1 is a key cell cycle-related gene, and regulates G1/S transition. On the basis of miRNA expressing library ([@B20]), we established a miRNA targets reverse screening method by using luciferase reporter assay. By this method, multiple miRNAs including miR-16, miR-195 and miR-424 were identified to regulate the expression of CCND1. Furthermore, these miRNAs triggered G1 cell cycle arrest partially by repressing CCND1 in A549 cells ([Figure 3](#F3){ref-type="fig"}). As all know, not all miRNA targets are downregulated at mRNA levels, thus, not all of them can be identified by the strategy analyzing mRNA expression in Drosha knockdown cells. Actually, for any genes we are interested in, this miRNA target reverse screening method can be used to analyze whether they are regulated by miRNAs, and screen the miRNAs regulating these mRNA genes. Using the reverse screening method, we found that several genes could be regulated by certain miRNAs, even some target genes could be regulated by multiple miRNAs simultaneously (data not shown). All these data suggest that this miRNA targets reverse screening method is very useful for identifying miRNA targets, and may play an important role in the characterization of miRNA function.

Although the biological roles of only a small fraction of identified miRNAs have been elucidated to date, the available evidence has shown that miRNA mutations or mis-expression correlate with various human cancers and that miRNAs can function as tumor suppressors and oncogenes to regulate key pathways involved in cellular growth control ([@B35]). Some miRNAs are involved in tumor genesis by modulating cell cycle progression ([@B36]). For example, aberrant expression of miR-221/222 was observed in diverse tumors, such as papillary thyroid carcinoma ([@B37],[@B38]), pancreatic adenocarcinoma and glioblastoma ([@B39]). Further study revealed that ectopic overexpression of miR-221/222 repressed the expression of p27(Kip1) by targeting the binding sites in the 3′-UTR of p27 mRNA and strongly affected cellular growth potentially by inducing a G1 to S shift in the cell cycle. These results suggest that miR-221/222 can be regarded as a new family of oncogenes, directly targeting the tumor suppressor p27(Kip1), and that their overexpression might be one of the factors contributing to the oncogenesis and progression of prostate carcinoma through p27(Kip1) downregulation ([@B40],[@B41]). Recently, miR-34 family members have been shown to be directly regulated by the tumor suppressor, TP53 ([@B42; @B43; @B44]). Overexpression of miR-34 causes cell cycle arrest at G1 phase by downregulation of a significantly great number of genes promoting cell cycle progression. Several downregulated cell cycle genes (including CCNE2, CDK4 and MET) have been validated as direct targets by showing miR-34 regulation of reporters engineered to contain the 3′-UTRs of the respective targets ([@B44]). Recently, Schultz *et al.* ([@B45]) have shown that let-7b regulates CCND1 and induces G1 arrest in malignant melanoma cells. Our studies have revealed that miR-34a ([@B46]) and miR-16 family can regulate CCND1 and induce G1 arrest in A549 cells too. To compare their effects on cell cycle, these miRNAs were synthesized and transfected into A549 cells. As shown in Figure S4, all of let-7b, miR-16 and miR-34a reduced CCND1 protein level and induced G1 arrest compared with Luc-siRNA. miR-16 and miR-34a had stronger inhibition effectiveness on CCND1 than let-7b, and miR-16 had the best effect on triggering accumulation of cells in the G0/G1 phase. Furthermore, compared with siRNA against CCND1, all these miRNAs had weaker inhibition effectiveness on CCND1, but triggered more prominent G0/G1-cell accumulation. These results suggest that all these miRNAs induce G1 cell cycle arrest by regulating multiple target genes, rather than a single key target.

miR-16 family negatively regulates cellular growth and cell cycle progression. They trigger the G0/G1 accumulation phenotype in diverse cell lines, including HCT116, DLD-1, A549, MCF7 and Tov21G cells ([@B31],[@B36]). Here, we found that miR-16 and miR-424 could regulate the expression of CCND1 by targeting putative target site ([Figure 2](#F2){ref-type="fig"}). Further study revealed that several other cell cycle genes (such as CCND3, CCNE1 and CDK6) could also be regulated by miR-16 family ([Figure 4](#F4){ref-type="fig"}), and all these cell cycle genes were involved in G1/S transition. Flow cytometry assay revealed that depletion of these targets led to a substantial arrest in G1, partly phenocopy activation of miR-16 ([Figure 5](#F5){ref-type="fig"}B). All results above indicated that simultaneous silencing of these genes was more effective on blocking cell cycle progression than deletion of an individual gene. Taken together, both our results and findings of Linsley *et al.* ([@B31]) argue that miR-16 targets act in concert, rather than individually, to regulate G1/S transition ([Figure 7](#F7){ref-type="fig"}). In other words, multiple targets regulated by an individual miRNA can act coordinately to regulate the same biological process ([@B36]). Figure 7.miR-16 family modulates G1/S transition by regulating Cdk4/6-cyclin D complexes and Cdk2-cyclin E complexes. The G1/S phase transition is regulated primarily by D-type Cyclins (D1, D2 or D3) in complex with CDK4/CDK6, and E-type Cyclins (E1 or E2) in complex with CDK2. These complexes cooperate in phosphorylating and preventing Rb binding to E2F, thus activating E2F-mediated transcription and driving cells from G1 into S phase. miR-16 family control the expression levels of Cyclin D1, Cyclin D3, Cyclin E1 as well as CDK6, inactivate Cdk2/4/6 kinases, and thus prevent phosphorylation of Rb proteins. Moreover, miR-16 can induce apoptosis by downregulation of antiapoptosis protein Bcl-2.

Just like siRNA against CCND1, miR-16 family repressed the expression of CCND1, but led to no G0/G1 accumulation phenotype in HepG2 cells. Likewise, miR-16 could not trigger cell cycle arrest in megakaryocytic cell line MEG-01 (data not shown). Cimmino *et al.* ([@B14]) reported that miR-16 induced apoptosis by targeting Bcl-2 in MEG-01 cells. However, we detected no significant apoptosis following transfection with miR-16 in A549 cells. These data suggest that the effect of miR-16 family on cell cycle arrest and apoptosis is cell type dependent, that is to say, miR-16 leads to cell cycle arrest in some types of cells, but induces apoptosis in others. It is possibly because some types of cells are sensitive to the downregulation of the targets regulated by miRNA, whereas others are not. Or the deletion, mutation or editing of binding sites in target mRNAs can also result in the inactivation of miRNA ([@B47]).

All data above argue that miR-16 family may participate in cell growth control and play tumor-suppressor roles by regulating cell proliferation and/or apoptosis pathway in various tumor cells. Both CCND1 ([@B25]) and Bcl-2 ([@B48]) play important roles in tumorigenesis, and serve as specific tumor therapeutic targets. And siRNAs against them can inhibit tumor cell growth significantly. Now that miR-16 can regulate multiple target genes promoting cell growth, including Bcl-2, CCND1, CCND3, CCNE1 and CDK6, and have stronger inhibitory effectiveness on cell growth than siRNAs against an individual gene, exogenous expression of miR-16 may be more effective for tumor therapy than depletion of single oncogene.
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